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1 INTRODUCTION

In
 hot
 rolling
 of
 steels,
 the
 rolled
 material
 in
 fact

consists
of
thin
layers
of
a
ceramic,
the
complex
iron

oxide
 layers
 (20
–
50
#m
 thick),
on
hot
metal.
The

difference
 in
 hardness
 and
 ductility
 of
 these
 two

materials
 [1]
 often
 leads
 to
 oxide
 cracks
of
 various

kinds,
 through,thickness
 or
 interfacial
 (oxide

spalling)
 [2,5].
 The
 present
 paper
 focuses
 on

through,thickness
cracks.


In
 a
 previous
 work
 [6,7],
 fracture
 occurring
 just

before
 bite
 entry
 had
 been
 studied
 both

experimentally
 (hot
 bending
 test)
 and
 theoretically

(FEM).
 Cracks
 open
 wherever
 superficial
 tensile

stresses
occur,
 then
 they
may
open
wide
 in
 the
bite

due
 to
 strip
 elongation.
 If
 the
 pressure
 is
 high

enough,
 "micro,extrusion"
 of
 fresh
 hot
 metal
 takes

place
 through
 the
 open
 cracks.
 The
 interface

becomes
wavy
 as
 in
 Figure
 1
 ("rolled,in
 scale"),
 a

defect
which
may
become
visible
after
pickling
and

remain
 even
 after
 cold
 rolling.
 A
 numerical

parametric
 study
 resulted
 in
 a
 damage
 risk
 chart,

where
thicker
oxides
(e.g.
due
to
high
temperatures)

were
found
to
be
most
detrimental,
unless
sufficient

plasticity
 allows
 them
 to
 keep
 up
 with
 part
 of
 the

elongation
of
the
strip.
In
terms
of
material
data,
the

oxide,to,steel
 hardness
 ratio
 and
 the
 temperature,
dependent
 and
 strain,rate,dependent
 oxide
 fracture

stress
were
found
most
important.








 

Figure
1:
oxide
cracks
and
wavy
oxide
–
metal
interface.

Above:
top
view
[2]
shows
an
array
of
cracks
normal
to
rolling

direction
(RD).
Below:
cross
section
(this
work).

The
present
work
aims
at
extending
these
notions
to

cracks
opening
in
the
roll,strip
contact
(bite).
There

are
 few
 data
 available
 on
 the
 morphology,
 nature

and
origins
of
this
particular
category.



ABSTRACT:
 The
 behaviour
 of
 oxide
 scales
 in
 the
 finishing
Hot
 Strip
Mill
 is
 simulated
 by
 the
 hot
 Plane

Strain
Compression
Test
 (PSCT).
Compared
with
 the
 ideal
case
of
homogeneous
plastic
co,deformation
of

the
oxide
layer
and
the
underlying
metal,
different
types
of
defects
are
described:
delamination
at
the
interface

or
 within
 the
 oxide
 layer;
 interfacial
 plastic
 instability
 due
 to
 the
 jump
 of
 the
 mechanical
 properties;

perpendicular,
through,thickness
cracks
where
the
axial
strain
parallel
to
the
interface
dominates,
followed
by

micro,extrusion
 of
metal
 between
 the
 fragments;
 oblique
 cracks
 followed
 by
 sliding
 along
 the
 lips,
where

shear
dominates.
The
Finite
Element
Method
(FEM)
is
used
to
bring
elements
of
interpretation,
as
to
which

conditions
determine
each
mechanism.
Conclusions
for
the
behaviour
in
hot
rolling
are
sketched.
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Figure
2:
PSCT
test
rig
(left)
and
procedure
(right).

PSCT
consists
 in
upsetting
a
 strip
between
 two
flat

dies
(figure
2
left).
Here,
the
oxidation
of
steel
strip

samples
is
made
in
situ,
by
allowing
temporarily
an

oxidative
 atmosphere
 in
 the
 protective
 glass
 vessel

(figure
2
right).
The
oxidation
temperature
is
900°C

in
 all
 tests,
 i.e.
 close
 to
 entry
 temperature
 in
 the

finishing
Hot
Strip
Mill

(HSM).
The
oxidation
time

is
varied
to
give
oxide
thickness
between
10
#m
and

100
#m.
The
system
is
 then
brought
up
or
down
to

the
 mechanical
 test
 temperature.
 After
 temperature

equilibration,
the
test
is
performed
in
a
fraction
of
a

second;
in
the
tests
reported,
no
lubricant
was
used.

Then
the
sample
is
allowed
to
cool
freely
in
N2.
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The
 steel
 strip
 is
 an
 ultra,low
 carbon,
 DWI
 deep,
drawing
steel,
with
0.015%C,
2.29%
Mn,
0.23%
Si

(atomic
 concentrations).
 The
 coupons
 are
 5
 mm

thick,
50
mm
wide
and
62
mm
long.


The
 die
 material
 is
 yttria,toughened
 zirconia;
 dies

are
70
mm
long
and
12
mm
wide.
Rough
dies
(Ra
=

3.6
 #m,
 isotropic)
 are
 compared
 with
 smooth
 dies

(Ra
=
0.42
#m,
isotropic);
on
occasion,
grooved
dies

are
 used
 to
 simulate
 damaged
 (“banded”)
 rolls;
 the

grooves
 are
 in
 the
 punch
 width
 direction
 x,

equivalent
to
the
rolling
direction
(RD).
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Oxide
thickness:

 10#m,
25
#m,
50
#m,
75
#m.


PSCT
Temperature:

 800°C,
900°C
and
1050°C

Strain:


 
 ε =
0.2
;
0.4
;
0.6
;
0.8.


Strain
rate:

 
 0.1
s
,1
,
1
s
,1

and
10
s
,1
.


3 EXPERIMENTAL
RESULTS
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Figure
3:
Top
view:
vertical,
normal
cracks
on
the
side
of
a

PSCT
indentation.

(a):
enlarged
view
of
the
framed
area
in
(b);

the
white
bar
is
1
mm.


Smooth
die, 4.0=ε , 1.1 −= 	ε ,
T
=
900°C,
50
#m
oxide.


Figure
4:
SEM
picture
of
a
cross,section
in
the
flow
direction

(x
=
punch
width
direction
↔
RD).
Same
conditions.
Metal
is

white,
oxide
is
light
grey.

Figure
3
shows
a
typical
aspect
in
top
view,
an
array

of
 cracks
 perpendicular
 to
 the
major
 flow
direction

x,
very
similar
to
cracks
opening
before
the
bite
[6,
7].
 Figure
 4
 shows
 they
 run
 through
 the
 oxide

thickness,
with
a
uniform
density.
Their
origin
here

is
not
the
oxide
bending
ahead
of
the
bite
as
in
[6,7]

but
 probably
 the
 flow
 of
 the
 underlying
 metal

putting
the
oxide
in
tension.
It
might
also
be
due
to

punching
 by
 die
 roughness
 peaks;
 this
 will
 be

discussed
using
numerical
simulation
in
paragraph
4.

Spalling
 (figure
4)
may
be
due
 to
 sample
polishing

before
microscopic
 observation;
 but
 slight
 interface

waviness
 suggests
 spalling
 or
 crushing
 during
 the

tests,
followed
by
micro,extrusion,
as
in
[6,7].

This
 observation
 answers
 one
 of
 the
 questions

behind
 this
work:
crack
array
 formation
may
go
on

in
 the
 contact
 ,
 PSCT
 is
 known
 to
 be
 a
 good

simulator
of
 strip
 rolling.
The
 subsequent
evolution

seems
very
similar
to
pre,bite
cracks.


In
 the
 case
 of
 pre,bite
 cracks,
 the
 density
 could
 be

related
 to
oxide
 thickness,
oxide
 fracture
 stress
and

interface
 shear
 stress
 [6,8].
 We
 expect
 numerical

simulation
 to
 help
 determine
 the
 parametric

dependencies
for
the
present,
in,bite
opening
cracks.

It
 has
 been
 found
occasionally
 that
 cracks
may
not

always
be
normal
 to
 the
surfaces.
Figure
5
shows
a

case
where
 oblique
 cracks,
 followed
 by
 rotation
 of

fragments,
 have
 occurred
 near
 the
 edge
 of
 a
 die

(note
 that
 rotation
may
have
been
 facilitated
by
 the

presence
 of
 a
 thick
 lubricant
 film
 in
 this
 particular
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case).
The
same
pattern
has
been
found
by
[9]
on
hot

rolled
 strips.
 This
 proves
 the
 relevance
 of
 this

phenomenon,
 tentatively
 attributed
 to
 the
 presence

of
significant
shear
stress
(die
edge
/
friction)
which

induces
the
rotation
of
principal
axes.







Figure
5:
oblique
cracks
(top)
near
the
PSCT
die
edge,

(bottom)
on
a
rolled
strip
[9].
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Figure
6:
comparison
of
the
oxide
surface
state
after
PSCT

with
rough
/
smooth
dies.
Die
width
12
mm. 4.0=ε , 1.1 −= 	ε ,

T
=
900°C,
oxide
thickness
50
#m.



Figure
7:
cross,section
of
the
samples
shown
in
figure
5,

showing
the
smooth
metal
(white)
–
oxide
(grey)
interface,

whatever
the
die
roughness.

Another
possible
defect
is
interface
waviness
due
to

tool
 roughness
printing,
 in
particular
when
rolls
are

severely
 worn.
 Figure
 6
 shows
 that
 the
 oxide

surface,
 to
 a
 large
 extent,
 takes
 the
 roll
 roughness,

which
 suggests
 a
 certain
 degree
 of
 plasticity
 of
 the

oxide,
 but
 the
 oxide
 –
 metal
 interface
 remains

smooth
 (figure
 7).
 This
 may
 not
 be
 a
 general

conclusion
 however,
 certainly
 dependent
 (i)
 on
 the

ratio
 of
 the
 tool
 roughness
 to
 the
 oxide
 thickness,

and
 (ii)
 of
 the
 temperature,dependent
 mechanical

properties
 of
 the
 oxide
 (toughness,
 oxide,to,metal

yield
stress
ratio).
Here
again,
numerical
simulation

can
contribute
in
the
study
of
these
parameters.
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3.3.a Delamination
/
spalling

This
 is
 another
 failure
 mechanism
 whereby
 oxide

fragments
may
be
spalled
off
the
sample
surface;
in

rolling,
 such
 fragments
 may
 then
 be
 embedded

inside
the
strip
surface
by
the
contact
pressure.







 

Figure
8:
two
examples
of
delamination.
Left:
interfacial

delamination
on
the
flank
of
a
groove.
Right:
delamination

within
the
oxide
layer.

In
figure
8
(left),
bending
of
the
sample
in
the
flank

of
 a
 grooved
 die
 (representing
 the
 “roll
 banding”

defect,
 i.e.
 peeling
 of
 an
 orthoradial
 strip
 of
 roll

oxide)
 has
 resulted
 in
 a
 normal,
 through,thickness

crack
 which
 has
 bifurcated
 along
 the
 interface;
 in

such
 situations,
 the
 formation
 and
 embedding
 of
 a

fragment
 becomes
 highly
 probable.
The
 die
 groove

is
 oriented
 in
 the
 die
width
 direction,
 equivalent
 to

the
 rolling
 direction.
 Such
 a
 crack
 would
 thus
 be

longitudinal,
contrary
 to
 those
shown
above.
Figure

8
(right)
shows
delamination
within
the
oxide.
Lines

of
 pores
 have
 occasionally
 been
 found
 in
 oxide

layers,
 parallel
 to
 the
 interface;
 they
 may
 be
 the

origin
of
 such
defects.
Yet
delamination
might
also

have
taken
place
at
the
interface,
with
subsequent
re,
oxidation
 during
 cooling
 in
 imperfectly
 pure
 N2.

Here
 again,
 fragmentation
 and
 embedding
 of
 the

spalled
layer
in
the
next
rolling
stand
is
inevitable.



3.3.b Interface
instability

In
 a
 series
of
 tests
devoted
 to
varying
 strain
 rate,
 a

sinusoidal
 interface
 waviness
 has
 been
 observed
 at

the
 lowest
 strain,rate,
 decreasing
 and
 disappearing

as
 ε 
increases
(figure
9).






Figure
9:
Interface
waviness
without
cracking.
Strain
rate

increases
from
top
to
bottom
(0.1,
1
and
10
s,1).

There
is
no
evidence
of
any
crack
/
micro,extrusion

phenomenon,
hence
the
interpretation
by
plastic
co,
deformation
 instability
 (see
 [10]
e.g.).
 It
 is
not
sure

that
 this
can
occur
in
strip
rolling,
since
it
has
been

y 
z 
x 
z 
found
 here
 only
 in
 a
 low
 strain
 rate
 range;
 yet
 it

might
 occur
 at
 higher
 speeds
 under
 different

conditions
(temperature…).

4 THEORETICAL
INTERPRETATION
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The
 Forge2005®
 FEM
 software
 has
 been
 used
 for

this
 study.
 Its
 description
 can
 be
 found
 in
 [6,7],

together
 with
 the
 added
 through,thickness
 crack,
opening
 algorithm
 (based
 on
 a
 critical
 fracture

stress).
 Only
 such
 cracks
 are
 addressed
 here,

although
 a
 delamination
 capability
 has
 also
 been

added
(Cohesive
Zone
Modelling

approach).
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Figure
 10
 shows
 a
 crack
 opening
 simulation
 in
 the

PSCT
 at
 1000°C
 and
 1
 s
,1
,
 with
 a
 critical
 fracture

stress
of
200
MPa
for
 the
oxide.
The
oxide
and
 the

metal
yield
stresses
are
respectively
given
by:

159.0223.0)(.00299.0 ).3(..exp.69)( εεσ ;
 = 

(1)

09.022.0 ).3(..
)(
3340
exp.5.8)( εεσ 





=
;

 
 


(2)

The
die,oxide
friction
factor
is
 08.0=+ .
The
oxide,
metal
interface
is
assumed
perfectly
adherent.






Figure
10:
PSCT
FEM
modelling
and
crack
formation.

Under
these
conditions,
cracks
form
either
under
die

edges
(figure
10,
left)
due
to
the
stress
singularity,
or

at
asperity
tops
(figure
10,
insert
right),
but
never
on

flat
 parts
 of
 the
 die.
 Looking
 in
more
 details,
with

the
 roughness
 peak
 height
 chosen
 (3
 #m,
 to
 be

compared
 with
 oxide
 thickness
 50
 #m),
 fracture

does
 not
 occur
 because
 of
 the
 stress
 singularity
 at

peak
apex,
since
full
penetration
of
the
asperity
into

the
 plastic
 oxide
 occurs
 before
 crack
 opens.
 The

critical
 tension
 is
 in
 fact
 reached
later
on,
when
the

flow
of
the
underlying
metal
shears
the
interface
and

puts
the
oxide
in
tension.
In
another
simulation
with

a
 periodic
 roughness
 covering
 the
whole
 die
width

(Ra
 =
 0.3
 #m),
 cracks
 appear
 periodically,
 but
 the

wavelength
 is
 much
 larger
 than
 the
 roughness

wavelength.
 Study
 of
 the
 influence
 of
 parameters

and
 comparison
 with
 experiments
 are
 in
 progress.


The
 effect
 of
 friction
 and
 shear
 stress
 on
 oblique

crack
formation
(as
in
figure
5)
is
also
under
study.

5 CONCLUSIONS

Experimental
 results
 present
 a
 number
 of

deformation
and
fracture
phenomena
which
occur
in

oxidized
metal
/
tool
contact;
their
relevance
towards

interface
 defects
 in
 hot
 strip
 rolling
 has
 been

commented.
A
first
example
of
application
of
multi,
body
 FEM
 to
 the
 analysis
 of
 the
 origins
 of
 these

oxide
and
interface
defects
has
been
presented.
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